Durante o monitoramento de ensaios de biodegradação com consórcios microbianos recuperados de amostras de petróleo do campo Pampo Sul, Bacia de Campos, RJ, observou-se a produção de substâncias exopoliméricas (EPS) a qual ocorria independentemente do processo de biodegradação. Para potencializar essa produção utilizou-se um meio mineral enriquecido com glicose e 9,10-di-hidrofenantreno, n-nonadecano, ácido nonadecanóico, petróleo levemente biodegradado (P1) e petróleo severamente biodegradado (P2) como fontes de carbono. A análise dos EPS por infravermelho e espectrometria de massas com ionização por electrospray (MS-ESI) revelou uma mistura de isoformas de surfactina, que reduziu a tensão superficial da água e do meio Zinder de 72,4 e 55,7 para 28,6 mN m −1
Introduction
Petroleum hydrocarbon biodegradation is a complex process that depends on the oil and reservoir compositions as well as on particular conditions favoring microorganism growth in a lipophilic environment. 1 However, the low bioavailability of hydrophobic organic compounds (HCOs) to microorganism could be a limiting step during the biodegradation process. Consequently, in order to enhance the solubility of these hydrophobic compounds and their bioavailability, many bacteria produce exopolimeric substances (EPS), usually biosurfactants 2 to increase the aqueous dispersion of poorly soluble compounds by many orders of magnitude [3] [4] [5] facilitating their biodegradation. However, the petroleum biodegrading and surfactant producing species are not always the same.
The classes of biosurfactants include glycolipids, lipopetides, fatty acids, phospholipids, neutral lipids and lipopolysaccharides. 6 Their advantages, such as high biodegradability, low toxicity and low cost, are undoubtedly environmentally friendly and make them good candidates for enhanced oil recovery and bioremediation as well as other industrial applications. 7, 8 Biosurfactants with proven potential for bioremediation include rhamnolipids produced by Pseudomonas aeruginosa and surfactins from Bacillus subtilis. 9 The role of biosurfactants on hydrocarbon microbial degradation has been investigated on pure compounds such as tetradecane, hexadecane, 10 octadecane, 5 phenanthrene 3, 11 Exopolymeric Substances (EPS) Produced by Petroleum Microbial Consortia J. Braz. Chem. Soc. 1518 and anthracene, 9 but few studies have used complex mixtures such as crude oils. [12] [13] [14] Knowing that oil biodegradation is more effective with a microbial consortium than with pure strains, 15 which is related to microbial oil surface modification by exuding biosurfactants, the present study evaluated the structure and surface active properties of the biosurfactants produced by microbial consortia recovered from two oil samples with different biodegradation levels (sample 1, level 1-2 and sample 2, level 5-6 according Peters & Moldowan biodegradation scale) 16 from Pampo Sul field, Campos Basin, Rio de Janeiro, Brazil. Its goal was also to establish a relationship between microbial biosurfactant production and biodegradation.
Experimental

Sampling
Oil samples generated by the same source rock facies with similar levels of thermal maturity and significantly different levels of biodegradation were obtained from two selected oilproducing wells in the Pampo field, Campos Basin, Macaé, RJ, Brazil. Sample 1 was collected at 2405-2588 m with reservoir temperature = 82 °C and has biodegradation level equivalent to 1-2. Sample 2 was collected at 1988-2222 m with reservoir temperature = 71 °C and has biodegradation level equivalent to 5-6. A sample of formation water was also obtained from a separation tank. Strict sampling procedures prevented external contaminations.
Samples were collected in triplicate using 500 mL sterilized Schott bottles, which were completely filled with the samples in order to prevent oxygen influx. The samples were kept on ice during transportation to the laboratory, and stored at room temperature for further enrichment and microbial consortia recovery.
Aerobic consortia enrichment
The oil and formation water samples (10% of the medium volume, v/v) were inoculated in nutrient broth (NB Difco), nutrient broth (NB Difco) plus 3% NaCl, marine broth (MB Difco) and Zinder 17 
Production of the biosurfactant and biomass
Production of biosurfactant was carried out as described by Quesada et al. 19 The consortia were inoculated (48 h at 30 °C) in glass tubes containing 10 mL of Zinder mineral salt medium, 17 a vitamin solution (described above) at 0.1% (v/v) to stimulate microbial growth, 10% (v/v) sodium bicarbonate solution was also added to maintain the pH of the Zinder medium. This mid-exponential phase culture was then inoculated into a 1 L flask containing 400 mL of Zinder medium, 10% sodium bicarbonate solution, 0.1% vitamins solution with 1 mL of 8% glucose and supplemented with 1 mL containg 8% of the substrates: (1) 9,10-dihydrophenantrene, (2) n-nonadecane, (3) nonadecanoic acid and (4) mixture of (1), (2) and (3); (5) 30 mg of slightly biodegraded crude oil, P1 or (6) heavily biodegraded crude oil, P2. This mixture was incubated at 30 °C for 4 days (for 1, 2, 3 and mixture) and 10 days (for P1 and P2).
The culture medium was centrifuged (5000 × g, 10 °C, 30 min) and the supernatants obtained were precipitated with three volumes of cold ethanol. The biosurfactant was dissolved in Milli-Q water, submitted to dialysis against Milli-Q water, lyophilized and weighed. Yields of EPS were expressed in milligrams of freeze-dried polymer per grams of cell.
Chemical composition
Carbohydrates, protein and uronic acids were determined by colorimetric assays, [20] [21] [22] ), as the standards for the calibration curves.
Surface tension and emulsification index
The surface tension of the culture medium was determined using a KSV tensiometer, model sigma 701, using the Du-Nuoy ring method at 25 ºC, and applying the instrument correction mode. Milli-Q Water and the Zinder medium were used as controls.
The emulsification index (E) of the culture supernatant was measured by adding 4 mL of different compounds Vol. 21, No. 8, 2010 (toluene, octadecane and diesel) to 2 mL of the different EPS aqueous solutions in glass tubes and vortexing the mixture at high speed for 2 min (modified from Cooper and Goldenberg). 23 The value of E was expressed (after 24 h) as the percentage of the total height occupied by the emulsion. Tween 80 (Sigma-Aldrich) was used as control chemical surfactant.
Chemical characterization
The infrared spectra were acquired with a Bomem MB Model B-100 spectrophotometer with 4 cm -1 of resolution and 1660 FTIR. A Thermo Scientific LTQ Orbitrap XL was employed for the electrospray ionization and tandem mass spectrum analyses (ESI-MS/MS). The surfactin standard (WakoChem) and the EPS samples were analysed by direct insertion, with a syringe flow of 10 mL min -1 and nitrogen flow of 5 mL min 
Biodegradation of petroleum compounds
Assays to correlate biosurfactant production and petroleum biodegradation used 9,10-dihydrophenanthrene (1, Acros), n-nonadecane (2, Aldrich), nonadecanoic acid (3, Acros), P1 and a mixture of (1), (2) and (3). The assays were monitored after 1 day and after 4 days (for compounds 1, 2, 3 and mixture) and after 10 days (for P1) by withdrawing 1 mL of the culture medium and extracting with ethyl acetate (3 × 1000 mL, for 1, 2, 3 and mixture) or dichloromethane for P1 (3 × 1000 mL). The organic layers were combined, dried over anhydrous sodium sulfate and evaporated under reduced pressure. The extracts from the P1 assay were separated into three fractions: F1 (saturated hydrocarbons), F2 (aromatic hydrocarbons) and F3 (resins and asphaltenes) using silica gel column chromatography, eluting with hexane, hexane/toluene (1:1, v/v) and chloroform/methanol (95:5, v/v), respectively. F1 fractions were analyzed by GC-MS.
GC-MS analysis
The
Results and Discussion
h a n c e petroleum biodegradation, causing commercial value depreciation. Thus the production of biosurfactants by the petroleum microorganism consortia growing on 9,10-dihydrophenanthrene (1) or n-nonadecane (2) or nonadecanoic acid (3) or a mixture of 1, 2 and 3 was evaluated (Table 1) . Compounds 1, 2 and 3 were selected as carbon sources, each representing different compound classes present in petroleum: n-alkanes, aromatics and acids.
Microbial growth in the presence of 1, 2 and 3 was spectrophotometrically monitored (460 nm), (Figures 1  and 2) , and the consortia evaluated had excellent growth, optical density (OD) 0.81-1.00, after 72 h with all carbon sources except with petroleum P2, OD of 0.41-0.60. 24 Higher biomass was obtained with the bacterial consortium Co1 when the carbon source was P1, however this trend was different with P2 as carbon source where the higher biomass was obtained with the bacterial consortium Co2. Consequently biomass was dependent on both the carbon source and the microorganism or consortium involved. The EPS production was observed in all assays although the produced amount depended on the carbon source and microbial consortium (Table 1) , as previously reported in the literature. 7, 14 The best carbon source for EPS production was P1 with microbial consortium 1 (Co1, 415.47 mg of EPS g -1 of cell) and with microbial consortium 2 (Co2, 316.68 g of EPS g -1 of cell). Both results were obtained after 10 days of incubation.
The crude EPS produced by these consortia were characterized by colorimetric analyses to determine the percent contents of protein, carbohydrate and uronic acid ( Table 2 ). The composition of the exopolimeric substances depends on the carbon source and on the microorganisms. For example, the EPS produced by consortium 1 (Co1) had higher carbohydrate content when growing on the mixture of 1, 2 and 3 (71.36 mg mL -1 ). However this situation was different with Co2, which produced EPS with high carbohydrate content when growing on n-nonadecane. In general, the EPS produced by Co1 had higher carbohydrate and uronic acid contents while the EPS produced by Co2 had higher protein content.
Banat 7 and Sutherland 25 have reported that EPS chemical composition is strongly influenced by the microorganisms, environment and growing conditions, and that the EPS chemical characteristics produced by microorganisms in pure cultures and in consortia are different. To our knowledge no general rule has yet been established for the production and composition of EPS.
The infrared spectroscopic analysis of the crude EPS produced by the aerobic consortium revealed the presence of OH, NH, CH 2 /CH and carbonyl group absorption bands at 3498, 3422, 2928-2861 and 1650 cm -1 respectively. These absorption bands are characteristic of biosurfactants belonging to the class of lipoproteins like surfactin, iturin, fengycin, liquenisin, mycosubtilin and bacillomycin, usually produced by Bacillus. These are known for their antimicrobial activity. 26, 27 These compounds are characterized by the presence of a polypeptide macrocycle linked to a fatty acid. 26 The high resolution mass spectrum by direct insertion with electrospray ionization (ESI-MS) revealed the presence of protonated species of surfactin isoforms (Figure 3) , as well as surfactins linked to sodium (m/z 1044 and 1058) and to potassium (m/z 1074).
Ongoing experiments focus on the production of larger amounts of surfactin in order to characterize the isoforms by 1D and 2D NMR spectra. a Values are the average of at least three determinations (n = 3). b (9,10-Dihydrophenantrene + n-nonadecane + nonadecanoic acid). Vol. 21, No. 8, 2010 The interfacial activity of these biosurfactants was assessed by determining their emulsification indexes (E) with different solvents and surface tension of their solutions (ST) were measured using air/water and air/Zinder medium as controls (Figures 4 and 5 , respectively. From these results it was concluded that Co1 produced EPS in higher yield than Co2, with greater surface activity and was more sensitive to the carbon source. It is well known that different microorganisms and different consortia of microorganisms produce surfactants with distinct physicchemical characteristics. 8 Interestingly, in comparison with Tween 80, these biosurfactants display good emulsifying properties with an aromatic and with an aliphatic solvent, but not with a mixture of them such as diesel oil. This may be ascribed to the presence of other natural surfactants in diesel samples, which may compete with the biosurfactants.
The emulsifying efficiency of these biosurfactants was also evaluated by their emulsification index (E-24 h) 23 revealing that the highest E value (E = 70%) was achieved with toluene and using 9,10-dihydrophenanthrene as carbon source for the production of surfactant. Compared to Tween 80, the surfactants produced with Co2 and n-nonadecane, and Co1 and Co2 with 9,10-dihydrophenanthrene displayed better performances (ranging from 41 to 70%, as can be seen Table 3 ).
Interest in biosurfactants has increased in recent years and our results certainly indicate that further investigation is needed to fully characterize the structures of the surfactants produced and to evaluate their range of possible industrial applications including enhanced oil recovery, bioremediation of water-insoluble pollutants and healthcare. 8 Finally, in the comparison of EPS production and biodegradation the results using petroleum (P1 and P2) as carbon source were not considered because crude oil has micro-constituents that are important to the petroleum isolated microorganisms survival that are not present in commercial culture media. Therefore the EPS production and biodegradation of 1, 2, 3 and 4 by microorganisms present in consortia Co1 and Co2 showed that Co1 produced more EPS with 2 (n-nonadecane, Table 1 ) and this was the substrate most efficiently biodegraded by Co1 (Table 4) . However, this trend is not observed with Co2 which showed a good EPS production with 1 (9,10-dihydrophenanthrene, Table 1 ) and best degraded 2 ( Table 4) . Consequently the efficiency of EPS production (Table 1 ) and of biodegradation (Table 4 ) of the carbon source are not necessarily similar.
Conclusion
This study has shown that the production and the composition of biosurfactants depend on the cultivation medium and carbon source. However both consortia gave excellent emulsification index and superficial tension Vol. 21, No. 8, 2010 reduction, confirming their interfacial activity and enabling their use for emulsifying purposes. We consider that the efficiency of biodegradation and production of biosurfactant are not necessarily consistent. These results indicate better consortium efficiency, when compared to isolated microorganism biodegradation and bioremediation processes. To the best of our knowledge no general rule has yet been established for the production and composition of EPS.
